[1] Anthropogenic increases of greenhouse gases warm the troposphere but have a cooling effect in the middle and upper atmosphere. The steady increase of CO 2 is the dominant cause of upper atmosphere trends; other drivers are long-term changes of radiatively active trace gases such as CH 4 , O 3 , and H 2 O, secular change of solar and geomagnetic activity, and evolution of the Earth's magnetic field. Observational and model studies have confirmed that in the past several decades, global cooling has occurred in the mesosphere and thermosphere; the cooling and contraction of the upper atmosphere has lowered the ionosphere and increased electron density in the E and F 1 regions. Trends of other parameters, including the F 2 region, mesospheric clouds, and mesopause wave activity, have been more controversial. Modeling investigations have demonstrated that both greenhouse gas forcing and secular change of the Earth's magnetic field can cause regional, diurnal, and seasonal variability of trends in F 2 region density and height, which may contribute to discrepancies regarding ionospheric trends. Recent studies also may have reconciled discrepancies between space-based and ground-based observations of mesospheric clouds: both types of observations do not find statistically significant trends in the ∼54°N-∼64°N latitude region, but space-based observations indicate that clouds may be increasing in frequency at higher latitude. Limited observational studies have suggested possible trends in wave activity. Changes in atmospheric dynamics, both as a consequence of global change in the lower and middle atmosphere and as a possible driver of trends in the upper atmosphere, is one of the critical open questions regarding trends in the upper atmosphere and ionosphere.
Introduction
[2] Anthropogenic emissions of greenhouse gases influence the troposphere, its weather and climate, and are the primary cause of a substantial warming of the atmosphere near the surface during the past 50 years. These gases also influence the atmosphere at nearly all altitudes between the ground and the upper thermosphere, thus affecting not only life on the surface, but also space-based technological systems. Tropospheric climate is the most societally relevant component of global atmospheric change, but as the impact of trace gases on the Earth's ozone layer illustrates, changes at higher levels of the atmosphere can be important as well. In order to understand the full spectrum of human effects on the global system, it is necessary to obtain a complete understanding of atmospheric change throughout its vertical extent. The purpose of this paper is to provide an overview of the knowledge and understanding of long-term changes in the upper atmosphere (mesosphere and thermosphere) and ionosphere, with a particular focus on progress made in the last several years.
[3] The 0.6 K increase in global surface air temperature during the twentieth century [e.g., Intergovernmental Panel on Climate Change (IPCC), 2007] has been attributed predominantly to the increasing atmospheric concentration of greenhouse gases. However, greenhouse gases have an opposite, cooling effect in the upper atmosphere. These gases in the troposphere are optically thick to outgoing infrared radiation, which they both absorb and reemit back to the surface to produce the heating effect. In contrast, greenhouse gases in the much lower density upper atmosphere are optically thin to outgoing infrared radiation. In situ collisional excitation causes the loss of thermal energy through infrared radiation to space, while the absorption of radiation emanating from the lower atmosphere plays only a secondary role in the energy balance. The net result is that radiatively active greenhouse gases act as cooling agents at high altitude, and their increasing concentrations lower the temperature of the upper atmosphere. The combination of lower atmosphere heating and the upper atmosphere cooling is demonstrated 1 High Altitude Observatory, National Center for Atmospheric Research, Boulder, Colorado, USA. by the much stronger greenhouse effect that is observed on Venus, where the high density of carbon dioxide results in a tropospheric temperature that is more than twice that of the Earth, but a thermosphere that is 4 to 5 times colder [e.g., Bougher and Roble, 1991] .
[4] Long-term changes in the upper atmosphere and ionosphere have been of interest since Roble and Dickinson [1989] suggested that global cooling would occur in the upper atmosphere in conjunction with global warming in the troposphere due to the long-term increase of greenhouse gas concentrations, particularly carbon dioxide (CO 2 ). This effect of greenhouse gases has been referred to as "greenhouse cooling" [Cicerone, 1990] . Modeling studies by Rishbeth [1990] and Rishbeth and Roble [1992] broadened these results to the thermosphere-ionosphere system.
[5] The first observational results were by Laštovička and Pancheva [1991] . Subsequently, changes in thermospheric density have been detected and characterized. Since the global atmosphere is close to hydrostatic equilibrium, the height of a given pressure surface is determined by the average atmospheric temperature below. The cooling therefore results in thermal contraction of the upper atmosphere, and we may expect a significant decline in thermospheric density at fixed heights, which has been observed through the long-term effects of atmospheric drag on satellite orbits [e.g., Keating et al., 2000; Emmert et al., 2004 Emmert et al., , 2008 Marcos et al., 2005] . These satellite drag observations have been the clearest confirmed detection of upper atmosphere global change. The cooling-related reduction of thermospheric density has practical importance due to its influence on satellite drag and the orbital lifetime of hazardous space debris.
[6] Determination of long-term changes in the upper atmosphere and ionosphere also has important scientific interest. It can facilitate monitoring of global change in the lower atmosphere since global change in the lower atmosphere and upper atmosphere/ionosphere are closely linked, and it can be easier to detect global changes in the upper atmosphere and ionosphere due to the larger signal-to-noise ratio [e.g., Laštovička et al., 2006a] . Long-term changes and trends in the upper atmosphere have been studied much less extensively than those in the lower atmosphere, but the topic has grown over the past two decades into an active area of investigation. Significant additional progress has been made through both observational and modeling studies. These studies obtained long-term trends of mesospheric cooling [e.g., Clemesha et al., 1992; Beig et al., 2003] , long-term decrease in height and increase in electron density in the ionosphere E and F 1 regions [e.g., Bremer, 1998; Laštovička and Bremer, 2004] , and both positive and negative trends in the ionosphere F 2 region [e.g., Danilov and Mikhailov, 1999; Laštovička et al., 2006b] . Most recent studies advanced our understanding of long-term trends in the ionosphere F 2 region [e.g., Danilov, 2009b; Bencze, 2009; Qian et al., 2009] , water vapor related phenomena [e.g., Bremer et al., 2009b; Lübken et al., 2009] , mesosphere-lower thermosphere dynamics [e.g., Merzlyakov et al., 2009; Sridharan et al., 2010] , as well as drivers of the long-term trends in the upper atmosphere and ionosphere [e.g., Mikhailov, 2006; Akmaev et al., 2006; Qian et al., 2006; Cnossen and Richmond, 2008; Elias, 2009] .
[7] This paper will review the knowledge and understanding of long-term trends in the upper atmosphere and ionosphere with a focus on the recent progress. Section 2 gives a description of the expected trend scenario in the upper atmosphere and ionosphere. Sections 3, 4, and 5 discuss recent progresses in the ionosphere, mesosphere-lower thermosphere dynamics, and water vapor related phenomena, respectively. Section 6 addresses the drivers of trends in the upper atmosphere and ionosphere. Section 7 concludes the review and discusses directions for future investigations.
Trend Scenario
[8] Long-term data sets of mesospheric, thermospheric, and ionospheric parameters have been used to detect changes in the upper atmosphere and ionosphere. Mesospheric models, thermosphere/ionosphere models, and whole atmosphere models have been used to investigate these changes, and their forcing mechanisms. A global pattern of changes in the upper atmosphere and ionosphere has emerged through these observational and modeling studies [Laštovička et al., 2008a; Laštovička, 2009] as summarized in Figure 1 : temperature in the mesosphere and thermosphere has decreased, with larger decreases at higher altitude; temperature near the mesopause and in the lower thermosphere region has exhibited no significant change or even slight positive change; electron density in the E and F 1 regions has increased; the altitude of the E region ionosphere has decreased. These trends are consistent with modeling results, and with the hypothesis of global cooling and contracting of the upper atmosphere [e.g., Rishbeth and Roble, 1992; Qian et al., 2009] . Trends of other parameters, such as in the F 2 region, polar mesospheric clouds (PMC) and noctilucent clouds (NLC), and wave activity in the mesopause region, have been more controversial. The dominant driver of these trends has been attributed to the increasing CO 2 cooling [Laštovička et al., 2006a] . Other forcing mechanisms such as changes in other radiatively active trace gases (e.g., O 3 and H 2 O) [e.g., Akmaev et al., 2006] , long-term change in geomagnetic activity [e.g., Mikhailov, 2002] , and long-term change in the Earth's magnetic field [e.g., Cnossen and Richmond, 2008] , also contributed.
[9] Figure 2 illustrates cooling and contraction of the upper atmosphere due to greenhouse gas forcing. Zonal mean and global mean changes of temperature and geopotential height are shown as a result of doubling of CO 2 , under geomagnetic quiet and equinoctial conditions, simulated by the National Center for Atmospheric Research (NCAR) ThermosphereIonosphere-Mesosphere-Electrodynamics general circulation model (TIME-GCM) [Roble and Ridley, 1994] . For solar minimum conditions, cooling in the mesosphere is approximately −10 K; it increases to about −50 K in the upper thermosphere (Figures 2a and 2b ). In the mesopause and lower thermosphere, there is an altitude region where there is no or very small positive change of the temperature (Figure 2a ). Pressure surfaces decrease for several kilometers in the mesosphere and lower thermosphere, reaching up to ∼−30 km in the upper thermosphere (Figures 2c and 2d ). This cooling and contraction of the upper atmosphere depends on solar activity. Figure 2b shows a comparison of cooling for solar minimum and solar maximum conditions. Cooling in the thermosphere is much weaker for solar maximum conditions compared to solar minimum due to the changing relative importance of CO 2 cooling and nitric oxide (NO) cooling under different solar activity conditions; this is discussed in more detail below. It is important to point out that the CO 2 cooling effect may not be linear, but may depend on the base CO 2 concentration. All modeling results from the NCAR models discussed in this paper used a base CO 2 concentration of 365 ppmv, representative of the year 2000. The doubling of CO 2 (730 ppmv) represents a projection of CO 2 concentration for year 2100 by the IPCC [2007] . CO 2 cooling depends on the collisional excitation rate between CO 2 and O. This collisional rate has a large uncertainty, ranging from ∼10 −12 cm 3 s −1 to 6 × 10 −12 cm 3 s −1
[e.g., Shved et al., 1991; Pollock et al., 1993; Rodgers et al., 1992; Sharma and Wintersteiner, 1990] . In the NCAR models, the rate employed is 1.56 × 10 −12 cm 3 s −1 for T < 260 K, 1.4 × 10 −12 cm 3 s −1 for T > 300 K, and linear interpretation in between. In addition, NO infrared cooling at 5.3 mm is a significant component of the thermospheric energy balance, which will be discussed in section 6. Similarly, NO cooling depends on the collisional excitation rate between NO and O. Estimates of this rate range from ∼2.7 × 10 −11 cm 3 s −1 to 6.5 × 10 −11 cm 3 s −1 [e.g., Klein and Herron, 1964; Glänzer and Troe, 1975; Fernando and Smith, 1979; Sharma and Roble, 2002] . In the NCAR models, it is set to 4.2 × 10 −11 cm 3 s −1 .
[10] This trend scenario together with long-term trends in the stratosphere and troposphere shown in Figure 1 demonstrate that anthropogenic emissions of greenhouse gases influence the atmosphere at nearly all altitudes between the ground and space. Trends of mesospheric temperature have been detected through direct measurements by groundbased instruments and instruments carried by rocket sonde and satellites [e.g., Bittner et al., 2002; Golitsyn et al., 2000; Lübken, 2001; Nielsen et al., 2002; She et al., 2009 ]; or they have been inferred from ionospheric parameters or descending height trend of sodium emission layer [e.g., Clemesha et al., 1992; Semenov et al., 2002] . On the modeling side, Roble and Dickinson [1989] predicted a cooling of about −10K in the mesosphere from a doubling of CO 2 and CH 4 . Subsequent modeling studies confirmed and elaborated on this work [e.g., Akmaev and Fomichev, 2000; Fomichev et al., 2007; Garcia et al., 2007; Gruzdev and Brasseur, 2005; Schmidt et al., 2006] . Beig et al.
[2003] conducted a comprehensive review of observational and modeling results. They concluded that overall, there is cooling in the order of −2 to −3 K/decade in the altitude region from 50 km to 80 km whereas there is no significant trend in the mesopause region from 80 km to 100 km; updating by Beig [2006] did not change these results. The ionospheric layers are defined by the electron density profile (midnight at equator). Arrows indicate the direction of change: red, warming; blue, cooling; green, no change of temperature; black, changes in electron density (horizontal) and heights of ionospheric layers (vertical). From Laštovička et al. [2008a] .
[11] The decrease of thermospheric temperature has been inferred from trends of thermospheric neutral density estimated from long-term satellite drag data [e.g., Keating et al., 2000; Emmert et al., 2004 Emmert et al., , 2008 Marcos et al., 2005] . The estimated density trend at 400 km ranges from −1.7%/decade to −3.0%/decade, for the past 3 to 4 decades. The density trend anticorrelates with solar activity, with trends being approximately −1%/decade to −2%/decade under solar maximum conditions and about −3%/decade to −5%/decade for solar minimum conditions. As expected for a temperature decrease, the density trend increases with altitude. The solar cycle dependence is due to the relative importance of CO 2 infrared cooling and NO infrared cooling. NO density at solar maximum is about three times of that at solar minimum. Consequently, CO 2 cooling is relatively less important at solar maximum. TIMED/SABER measurements revealed a decrease of the global NO cooling rate from 2002 to 2009 by nearly an order of magnitude, while the global CO 2 cooling rate decreased only by 35% [Mlynczak et al., 2010] .
These observational findings are qualitatively consistent with modeling results by Roble and Dickinson [1989] . Using CO 2 concentrations measured at Mauna Loa, Qian et al. [2006] calculated neutral density trend for the period from 1970 to 2000, and found an average density trend of −1.7%/decade at 400 km. Model simulations also showed that this density trend corresponds to a neutral temperature trend of −5.4 K/ decade at 400 km. This simulated density trend is in qualitative agreement with the density trends detected from satellite drag data, but at the low end of the range, and lower than the most recent results [Emmert et al., 2008] .
[12] Cooling and contraction of the upper atmosphere will likely cause long-term trends in the ionosphere. Trends in the lower ionosphere are relatively well understood [Laštovička and Bremer, 2004] . Bremer [2008] investigated global trends in the maximum density of the E region (N m E), as represented by its critical frequency (f o E), based on 71 individual ionosonde stations worldwide. Positive trends dominate but some stations showed negative trends. The average trend in f o E Figure 2 . Changes (double CO 2 -base CO 2 ) of temperature and geopotential height due to doubling of CO 2 , under geomagnetic quiet and equinoctial conditions, at 0000 UT, simulated by the NCAR TIME-GCM. (a) Zonal mean temperature change for solar minimum condition; (b) global mean temperature change for solar minimum (black) and solar maximum (red) conditions; (c) zonal mean geopotential height change for solar minimum condition; and (d) global mean geopotential height change for solar minimum condition. LN(P 0 /P) is model pressure surface, where P is pressure at model surface and P 0 is a reference pressure of 5 × 10 −4 mb.
was +0.013 ± 0.005 MHz/decade. Trends slightly weaken with increasing latitude; their longitudinal dependence seems to be affected, if not determined, by the longitudinal dependence of ozone trends. Bremer [2008] also studied trends in h m E, the height of the E region peak density. The global trend is −0.29 ± 0.20 km/decade, as an expected consequence of mesospheric cooling and contraction, though there is quite large scatter of trends obtained from data of individual stations. Bremer [2008] also analyzed the critical frequency of the F 1 region ( f o F 1 ) in the same way as f o E and obtained a weak global positive trend, which is slightly stronger than that for f o E, with a value of 0.019 ± 0.011 MHz/yr. However, no influence of ozone depletion on trends in f o F 1 was found, contrary to that in f o E trends.
[13] Modeling studies on trends in the E and F 1 regions focused on greenhouse gas effects. Qian et al. [2008] investigated global mean ionospheric trends due to doubling of CO 2 and their underlying physical mechanisms; in the E and F 1 regions, cooling and contraction decrease the altitude of E and F 1 layers, and increase electron density in these regions. This work was extended to 3D model simulation by Qian et al. [2009] . They found that in the E and F 1 regions up to near the F 2 peak, trends of electron density are positive at most of latitudes, above which electron density decreases. These modeling results are consistent with the observational results, at least qualitatively. In addition, trends of electron density in the E region show negative change in a small area near winter high-latitude region whereas trends of electron density in the F 1 region show weak negative change in the equatorial region. It is not clear whether these negative trends can explain the negative E region electron density trends at some stations found by Bremer [2008] . Further modeling investigations and model-data comparisons on variability of trends in the E and F 1 regions are needed. These modeling investigations should also consider other possible drivers such as O 3 forcing, trends in natural variability of solar irradiance and geomagnetic activity, and trends of the Earth's magnetic fields.
[14] All the above parameters form a scenario of trends in the upper atmosphere that is consistent with the hypothesis of cooling and contraction of the upper atmosphere due to greenhouse gas forcing. Figure 1 does not show trends for the F 2 region since there have been controversies and discrepancies in data detection of trends. Recent model simulations [Cnossen and Richmond, 2008; Qian et al., 2009] demonstrated regional variations and different signs and magnitudes of these trends due to greenhouse gas forcing and evolution of the Earth's magnetic field, which may be able to explain some of the controversies and discrepancies.
Trends in the F 2 Region Ionosphere
[15] Trends of F 2 peak density (N m F 2 ), its height (h m F 2 ), and critical frequency (f o F 2 ) have been investigated extensively using the global network of ionosondes. However, controversies and discrepancies remain regarding methods of data analysis, magnitudes of the trends, and interpretation of the causes of the trends. Laštovička et al. [2006b] compared results using various methods on a same data set. The calculated trends of f o F 2 from these methods were predominantly a weak negative trend in the order of −0.1 MHz/ decade. Laštovička et al. [2008b] found that most trends using various regression-based methods, and a neural network based method [Yue et al., 2006] , agreed fairly well with each other; A wavelet-based method was found to be unreliable; only a specific method of Mikhailov yielded, after removing the geomagnetic activity effect, a trend of CO 2 origin smaller by more than an order of magnitude and statistically insignificant. There have been two interpretations of the causes of these trends: geomagnetic control and greenhouse gas cooling effects. Mikhailov and Marin [2001] introduced the concept of geomagnetic control of trends of f o F 2 and h m F 2 . Mikhailov [2006] further argued that f o F 2 trends are completely controlled by the long-term variation of geomagnetic activity due to weak dependence of N m F 2 on neutral temperature. On the other hand, Danilov [2002] developed a method of determining long-term trends of nongeomagnetic origin, and found a negative trend in f o F 2 that supports its anthropogenic origin. Attempts were also made to reconcile the greenhouse and geomagnetic activity causes of these trends. It was suggested that there is simultaneous greenhouse gas control of the trend in h m F 2 , and geomagnetic control of the trend in f o F 2 [Mikhailov, 2006] . However, Bremer et al. [2009a] showed that the geomagnetic control dominated in the past but it is no longer the case at present.
[16] Trends of the F 2 peak parameters also exhibit variations with geographic location, local time, season, and solar activity. Controversies exist regarding this variability, and dynamical influence has been used to explain it. Bremer [1998] obtained h m F 2 and f o F 2 trends of different signs for 31 European stations, with negative trends west of 30°E but positive trends east of 30°E. He suggested that dynamical effects seem to play an important role. On the other hand, Danilov and Mikhailov [1999] found negative trends of f o F 2 for all individual stations they selected, and detected a strong and well pronounced dependence of the f o F 2 trends on geomagnetic latitude but no longitudinal dependence; this is contrary to Bremer's finding. Bencze [2009] found that negative trends in h m F 2 were observed for stations nearby seashore whereas positive trends were more often found for well-inland stations, and that this distribution of trends may be due to effect of nonmigrating tides. Danilov [2008] found long-term variations in the relation between daytime and nighttime f o F 2 and suggested that long-term variations of thermospheric meridional wind caused these variations. These observed variations in trends of the F 2 peak parameters have also been used as evidence for the origin of these trends. Marin [2000, 2001] suggested that trends of f o F 2 due to greenhouse gas cooling should be positive and should not have complex latitudinal, longitudinal, and diurnal variations; the observed variability of f o F 2 trends are evidence of geomagnetic control of the f o F 2 trend.
[17] Modeling efforts have been made to investigate effect of CO 2 cooling on trends in the ionosphere and the underlying physical mechanisms. Qian et al. [2008] showed that on a globally average basis, the response of electron density to increased cooling is positive in the lower ionosphere, but changes to negative in the upper ionosphere. This transition altitude occurs slightly below the F 2 peak. Qian et al. [2009] further conducted 3D model simulations of increased greenhouse gases on trends of F 2 peak parameters. The model simulations revealed that the increased greenhouse gases not only caused cooling and contraction of the upper atmo-sphere, but also changed composition, dynamics, and electrodynamics in the thermosphere and ionosphere. The net effect of these changes determines altitude distributions of trends in the ionosphere, and complex variability of trends of the F 2 peak parameters. Cooling and contraction caused lowering of the E and F 1 layers; in the F 2 region, however, the dynamical effects as well as contraction and composition changes determined trends in the F 2 region. These 3D modeling results are summarized in Figures 3 and 4 .
[18] Figure 3 shows the change of h m F 2 due to doubling of CO 2 at local noon ( Figure 3a ) and 0300 LT (Figure 3b ), under solar minimum and geomagnetic quiet conditions, simulated by the NCAR thermosphere-ionosphere-electrodynamics general circulation model (TIE-GCM) [Richmond et al., 1992] . Trends of h m F 2 exhibit strong latitudinal, longitudinal, and diurnal variations; they are mostly negative but can be positive at night. Rishbeth [1998] found that F 2 peak tends to remain on a same pressure surface as temperature changes. Therefore, the negative change of h m F 2 is due to cooling and contraction of the upper atmosphere. The positive change of h m F 2 is due to changes in dynamics as a result of this cooling, as shown in Figure 4 .
[19] Figures 3c and 3d show changes of N m F 2 due to doubling of CO 2 at local noon, for solar minimum and solar maximum, under geomagnetic quiet conditions. On a global average basis, trends of N m F 2 are larger under solar minimum conditions, and the global distribution of the trends tends to be more structured. Trends of N m F 2 also show different patterns in the winter and summer hemispheres. Overall, trends of N m F 2 are larger in the winter hemisphere than in the summer hemisphere, for both solar minimum and maximum conditions.
[20] Figure 4 shows changes of h m F 2 ( Figure 4a ) and meridional winds (Figure 4b ) due to doubling of CO 2 , at 1200 UT, under solar minimum and geomagnetic quiet conditions. There are positive changes of h m F 2 at nighttime, for example, in the longitude sector between −180°and −90°, where the local time is from 0000 to 0600 LT. Trends of meridional wind are equatorward in both hemispheres. This equatorward trend of the meridional wind has the effect of lifting the F 2 peak to higher pressure surfaces, which compensates the lowering of h m F 2 due to cooling and contraction. The net effect is a positive change of h m F 2 in this region.
[21] The effect of long-term change of the Earth's magnetic field on trends of F 2 peak has been examined recently, through modeling investigations [Cnossen and Richmond, 2008; Yue et al., 2008] and theoretical analysis [Elias, 2009] . Model simulations and theoretical analysis indicated that secular change of the Earth's magnetic field has caused regional trends of h m F 2 and f o F 2 , and trends of f o F 2 and h m F 2 show seasonal and diurnal variations. For example, Cnossen and Richmond [2008] examined the effects of secular change of the Earth's magnetic field from 1957 to 1997 on trends of the F 2 peak parameters, using the NCAR TIE-GCM. They found that secular change of the Earth's magnetic field caused changes of h m F 2 up to ±20 km, and changes of f o F 2 up to ±0.5 MHz over the low-latitude Atlantic Ocean and South America, but the effect is negligible for the rest of the globe. They also found that secular change of the Earth's magnetic field can explain some of the observed regional variation but not the diurnal and seasonal variation.
[22] There has not yet been a modeling investigation conducted on the effects of long-term changes in geomagnetic activity. Modeling efforts are needed to examine the effect of secular change of geomagnetic activity, as well as to combine the three forcing mechanisms (secular changes of greenhouse gases, the Earth's magnetic field, and geomagnetic activity). It remains to be seen whether modeling results, with all the three forcing mechanisms included, can explain observed regional variation of trends of the F 2 peak parameters; and their diurnal, seasonal, and solar cycle variability.
[23] We have so far discussed trends of h m F 2 and f o F 2 . Recently, progress has been made on trends of ion temperature in the F 2 region. Holt and Zhang [2008] investigated trends of ion temperature using long-term ion temperature data measured by incoherent scatter radar (ISR) above Millstone Hill. They found a negative trend of ion temperature of −47 K/decade at 375 km, for the period from 1978 to 2007. Figure 5 shows TIME-GCM simulated changes of . Changes (double CO 2 -base CO 2 ) of (a) zonal mean electron temperature and (b) zonal mean ion temperature, under solar minimum and geomagnetic quiet conditions, at 0000 UT, simulated by the NCAR TIME-GCM.
zonal mean electron and ion temperature due to doubling of CO 2 at 0000 UT, under solar minimum and geomagnetic quiet conditions. There is a positive change of electron temperature caused by the negative trend of electron density in the upper F 2 region. The model simulations were based on the assumption that the energy input from the magnetosphere to the thermosphere/ionosphere system through plasma transport was same, for the base case and the doubling case. Under this assumption, the negative change of electron density causes a positive change in electron temperature, as shown in Figure 5a . A positive trend of electron temperature was also found in the long-term ISR data over Millstone Hill used (S. Zhang, private communication, 2010) .
[24] Figure 5b shows the corresponding change of ion temperature. The change of ion temperature is negative below the altitude ∼350 km, on the order of −50 K. This indicates coupling between ion and neutral temperature as cooling in the thermosphere causes cooling in ion temperature in this altitude region. Above ∼350 km, the change of ion temperature becomes positive. This indicates coupling between ion and electron temperature since the change of electron temperature is positive. There are two discrepancies between the data results and the modeling results. The magnitude of the negative change of ion temperature from Holt and Zhang [2008] (−47 K/decade) is much larger that that from the model simulation (∼−50 K for doubling of CO 2 ), considering that the change of CO 2 concentration during the three decades from 1978 to 2007 is only about 12%. Also, the positive change of ion temperature at lower altitude is not seen in the data. Zhang and Holt [2011] found only small and statistically insignificant trends in ion temperature below about 250 km. The negative trends peaked at 350-400 km but were still negative, strong and significant in the exospheric ion temperature. Further modeling and data analysis are needed to understand these discrepancies.
[25] Similar to the F 2 region trends, another two areas that have had controversies or limited knowledge, but where recent progress has occurred, are trends in the MLT dynamics and trends in water vapor related phenomena. These two areas will be discussed in sections 4 and 5.
Trends in MLT Dynamics and Waves
[26] Routine wind measurements in the MLT region (80-100 km) have been made for several decades. Long-term trends of prevailing wind and semidiurnal tides have been examined and detected using long-term wind measurements at midlatitude to high-latitude stations in the northern hemisphere [e.g., Portnyagin et al., 2006] . Figure 6 shows time series of annual mean zonal and meridional prevailing winds over Obninsk (55°N, 37°E) and Collm (52°N, 15°E). In spite of differences in the measurement techniques and strong year-to-year wind variations, the general tendencies in the climatic MLT wind variations at both stations are similar. Before 1990, both the annual prevailing zonal and meridional wind weakened, while after 1990, zonal wind strengthened and the negative trend in meridional wind leveled off. Shorter-period wind data series from some other stations confirmed that this change of trend is characteristic for the Northern Hemisphere midlatitude belt.
[27] Amplitudes of diurnal and semidiurnal tidal components has weakened, but various data indicate that the negative trend ceased after the mid 1980s or near 1990 [Jacobi et al., 1997; Portnyagin et al., 2006] , or even reversed. The most recent results from Collm, however, indicate negative trend (weakening) of the semidiurnal tide (with large seasonal variation of trend) over 1979-2007. More observations are needed.
[28] The change of trends around 1990 occurs not only in the MLT prevailing wind, it also occurs in the lower stratospheric winds at 100 hPa at 50-70°N, in the occurrence frequency of small laminae in ozone profiles in Europe near 50°N [Laštovička et al., 2010] , and in the stationary planetary wave with zonal wave number one near 50°N . This indicates the possibility of changes in trends in dynamics of the entire northern midlatitude middle atmosphere. One of the principal sources of small laminae in ozone profiles is upward propagating gravity wave. This suggests that the change of trends in various parameters around 1990 may be caused by a change in trend in gravity wave activity, at least, partly.
[29] Waves play an important role in dynamics and energy deposition in the MLT region. Sources and atmospheric filtering of these waves might be affected by anthropogenic changes in the atmosphere. MLT dynamics is forced through wave coupling, so trends in the mean circulation may be indicative of possible long-term trends in wave activity. The MLT wave activity is mainly from waves that are generated in the troposphere and some in the stratosphere, and propagate upward into this region. Therefore, their trends might differ from trends of in situ mesospheric parameters. The wave propagation conditions in the stratosphere/mesosphere and various interaction processes in the MLT region contribute substantially to resulting MLT wave activity. Usually, wave activity is divided into three main categories: gravity waves with periods of tens of minutes to hours, tides with periods of 24 h and harmonics, and planetary waves with periods of about 2-30 days.
[30] Information on trends in planetary wave activity as summarized by Laštovička et al. [2008a] does not provide a clear pattern. Planetary wave activity in the MLT region appears to have increased, even though this increase seems to be intermittent. Jacobi et al. [2008] reported trends in planetary wave activity, which were highly variable with period range and season, being generally positive in zonal wind and weaker and negative in meridional wind, and in total wind being slightly positive on average. They observed some trends only for quasi 5 day waves and the overall (2-30 days) wave activity; whereas for other period ranges, the trends were weak if any. The obtained trends were statistically insignificant except for peak trends in summer for the quasi 5 day (3-7 days) oscillations.
[31] Results of gravity wave analyses from ground-based systems can be strongly dependent on system characteristics. The wave periods seen in wind data measured by MF radars (>10 min), meteor radars (>1h), and LF drifts (0.7-3h) are very different and results are not comparable. There are some indirect indications of possible trends in gravity wave activity in the MLT region [e.g., Jacobi et al., 2006] but direct wind measurements did not reveal a trend [Gavrilov et al., 2002] . Hoffmann et al. [2010] found for Juliusruh (northern Germany) a weak positive trend at 80-90 km and they mentioned that some stations displayed trends, others not. Information on trends in the MLT region gravity wave activity is still very limited. Potential mechanisms of trends in gravity wave activity may be related either to changes in middle atmosphere filtering, or to changes in tropospheric/ stratospheric sources such as deep tropical convection or changes of storm tracks at midlatitudes; the latter may result in regionally/locally different trends in gravity wave activity even as to sign of trends.
[32] Systematic modeling studies regarding long-term trends of the MLT dynamics and waves have not previously been conducted. Here, we show preliminary results from TIME-GCM simulations of changes of MLT neutral winds due to doubling of CO 2 . Figure 7 shows zonal wind for the base case (Figure 7a ), the doubling case (Figure 7b ), and the difference of the two cases (Figure 7c ), at 0000 UT and 41.25°N, under solar minimum and geomagnetic quiet conditions. The patterns of semidiurnal tides in the MLT region are similar for the base case and the doubling case, but amplitudes of the semidiurnal tides are different. Change of the zonal wind speed is in the order of 10 m/s (Figure 7c ). This is a significant change considering that the zonal wind in this altitude region is in the order of 50 m/s. These results indicate that MLT dynamics will have a long-term trend under greenhouse gas forcing. However, more elaborated model simulations are needed for model-data comparison. For example, trends in O 3 and H 2 O concentrations have significant influence on trends of temperature and neutral density in the MLT region [Akmaev et al., 2006] , which will likely affect trends of MLT dynamics.
[33] There is no direct observational information about trends in winds in the thermosphere. However, Danilov [2009a Danilov [ , 2009b and Danilov and Vanina-Dart [2010] used the behavior of ionospheric parameters f o F 2 and h m F 2 , including their scatter, to deduce changes of trends in thermospheric dynamics. They found no trend before about 1980 but a systematic long-term trend after about 1980, which they attributed to cooling of the middle and upper atmosphere.
Trends in Water Vapor-Related Phenomena
[34] According to regular frost point hygrometer balloonborne measurements, water vapor content in the lower stratosphere has increased by ∼1%/yr over the last 40-45 years of the 20th century [Oltmans et al., 2000] . An updated trend analysis of water vapor in the lower midlatitude stratosphere from the Boulder balloon-borne frost point hygrometer measurements and from HALOE [Scherer et al., 2008] resulted in two corrections for instrumental bias. The new linear trend for the period 1980-2000 is estimated at 0.6 to 0.7%/yr. In addition, HALOE, POAM, and balloon measurements have shown a considerable decrease in lower stratospheric water vapor, by ∼0.4 ppmv, following a sudden drop in 2001, which appears to coincide with anomalous cooling of the tropical tropopause [Randel et al., 2006] . MIPAS stratospheric water vapor measurements [Stiller et al., 2008] revealed, following the drop in 2001, a continuous increase of stratospheric water vapor since 2002. However, another decrease appeared in [2008] [2009] , and at present the water vapor concentration in the stratosphere is below the 2000 level [Solomon et al., 2010a] . The water vapor puzzle remains to be solved. Similar to trends in dynamics, trends in water vapor are largely determined by trends in tropospheric sources and conditions of upward propagation and, therefore, can hardly be directly comparable with other trends in the mesosphere region.
[35] The highest atmospheric clouds observed from the ground, noctilucent clouds (NLC), appear in the extremely cold summer polar mesopause region at heights of about 82 to 85 km. The same phenomenon, observed from above by satellites, is called polar mesospheric clouds (PMC). Their appearance is controlled by temperature and water vapor content. Long-term trends in the occurrence frequency and brightness of NLCs observed from the ground, at latitudes below about 65°N in Europe, do not display a detectable trend in the NLCs, according to Kirkwood et al. [2008] . Satellite observations cover a larger geographical area and the highest occurrence frequency of PMCs is around 80°N. The satellite observations indicate an increase in PMC occurrence frequency and brightness. Shettle et al. [2009] analyzed 28 years of satellite PMC observations for latitudinal bands 50°N-64°N (NLC observation latitudes), 64°N-74°N, and 74°N-82°N. They observed a statistically significant increase only at 74°N-82°N, whereas at 50°N-64°N, the increase was half the magnitude and statistically insignificant. At NLC observational latitudes, the PMC trend of Shettle et al. [2009] is +9.9%/decade, the NLC trend of Kirkwood et al. [2008] is +4.4%/decade for moderate and bright NLCs, and ∼14%/decade for all NLCs; all trends being statistically insignificant. This means that the PMC and NLC trends are comparable, and do not differ within accuracy of their determination, in spite of differences in the analysis intervals.
[36] Polar mesospheric summer echoes (PMSE), the anomalous radar echoes found between 80 and 90 km from May through early August in the Arctic, and from November to February in the Antarctic, are phenomena closely related to PMC. Bremer et al. [2009b] found a positive but insignificant trend in PMSE occurrence frequency and length of season for Andenes (69°N) over 1994 , whereas Smirnova et al. [2010 found insignificant negative and positive trends, for Kiruna (68°N) over 1997-2008. [37] Simulations with the LIMA/ice model [Lübken et al., 2009] show that all three factors, temperature, water vapor, and Lyman-a solar radiation, are important and none of them is dominant in PMC/NLC behavior. There is no detectable temperature trend in the mesopause NLC/PMC heights. Water vapor trends in the mesopause region are uncertain. However, Lübken et al. [2010] found that the occurrence frequency of NLC is determined mainly by water vapor concentration, whereas the NLC height is affected predominantly by temperature. Further investigations are necessary on possible trends of NLC/PMC and origin of the trends.
Drivers of Trends
[38] Based on observational and modeling studies, the dominant driver for trends in the upper atmosphere and ionosphere has been attributed to the increasing greenhouse gas forcing, mainly CO 2 ; other drivers are secular changes of geomagnetic activity, the Earth's magnetic field, other radiatively active trace gases such as O 3 , H 2 O, and CH 4 . In addition, atmospheric waves may also have had secular change in the past several decades, and this possible secular change may have played a role in long-term trends of the upper atmosphere and ionosphere; however, this remains to be speculative.
[39] Figure 8 shows changes of neutral temperature, CO 2 15 mm cooling, NO 5.3 mm cooling, and total radiative cooling due to doubling of CO 2 , under solar minimum and Figure 7 . Zonal wind and change (double CO 2 -base CO 2 ) of the zonal wind at 41.25°N, under solar minimum and geomagnetic quiet conditions, at 0000 UT, simulated by the NCAR TIME-GCM. (a) Zonal wind for the base case, (b) zonal wind for the doubling case, and (c) change of the zonal wind between the two cases. geomagnetic quiet conditions, simulated by the TIME-GCM. CO 2 cooling increases due to the increased CO 2 concentration (Figure 8b ). However, NO cooling decreases responding to the increased CO 2 cooling (Figure 8c ). The decrease of NO cooling is due to decrease in NO and O concentration at fixed altitude, as well as decrease in temperature (Figure 8a ). The decrease of NO cooling reduces the total radiative cooling (Figure 8d) . Therefore, NO cooling modulates the cooling and contraction of the upper atmosphere due to the CO 2 forcing. Model simulation indicated that thermospheric cooling due to CO 2 forcing would be twice as large without this modulation.
[40] Cooling and contraction of the upper atmosphere change neutral and ion composition. The ionosphere in the E and F 1 regions is approximately in photochemical equilibrium. Therefore, electron density in the E and F 1 regions is determined by neutral and ion composition, solar irradiance, and temperature. Thermospheric cooling has the effect of increasing the ionization rate due to reduced absorption above these regions, increasing the ratio of O to N 2 , and reducing the ratio of NO + and O 2 + , the major ions in the E region [Qian et al., 2008] . The net effect is an increase of electron density in the E and F 1 regions. In the F 2 region, plasma transport becomes increasingly important. The combined effect of changes in photochemical and plasma transport processes is a slight decrease of electron density at F 2 peak and a large decrease of electron density above the F 2 peak. In addition, the interplay of photochemical and plasma transport processes causes complex regional, diurnal, seasonal, and solar cycle variations of trends in the ionosphere [Qian et al., 2009] .
[41] Mikhailov and Marin [2001] proposed secular change of geomagnetic activity as the mechanism for trends of f o F 2 and h m F 2 . They suggested that periods with negative and positive f o F 2 and h m F 2 trends correspond to periods of increasing or decreasing geomagnetic activity, as a consequence of changes of neutral composition, temperature, and neutral wind due to change of geomagnetic activity. Geomagnetic activity increased during the course of the 20th century [Clilverd et al., 1998; Mursula and Martini, 2006] , and solar activity was increasing till 1957-58. The increase of geomagnetic activity leveled off and might even be decreasing at present. Laštovička [2005] examined the role of solar and geomagnetic activity in trends in the upper atmosphere and ionosphere, concluding that the role of solar and geomagnetic activity in the observed long-term trends decreases with decreasing altitude; in the 20th century, the role of solar and geomagnetic activity in the observed Figure 8 . Global mean changes (double CO 2 -base CO 2 ) of (a) neutral temperature, (b) CO 2 15 mm cooling, (c) NO 5.3 mm cooling, and (d) total radiative cooling at 0000 UT, under solar minimum and geomagnetic quiet conditions, simulated by the NCAR TIME-GCM. long-term trends was decreasing from its beginning toward its end. Bremer et al. [2009a] found that the change of dependency of trends on secular change of geomagnetic activity occurred around 1970 in the E region, confirming earlier findings by Mikhailov and de la Morena [2003] , in the mid-1990s in the F 1 region, and around 2000 in the F 2 region. As for the effect of secular change in solar activity, it is clear that any secular variation in solar ultraviolet irradiance will cause secular trends in temperature and neutral density in the upper atmosphere, which in turn will cause trends in the ionosphere. Estimation of thermospheric trends in the presence of large solar-driven variation is a particular challenge in the highly variable upper thermosphere, especially since recent observations show that the solar minimum period during 2008-2009 was anomalously low in density compared to previous minima, even after the effects of anthropogenic trends are accounted for [Emmert et al., 2010] . This may have been due in part to lower levels of solar EUV irradiance [Solomon et al., 2010b] .
[42] The impact of long-term changes of the Earth's magnetic field has been examined through model simulations [Cnossen and Richmond, 2008; Yue et al., 2008] and theoretical analysis [Elias, 2009] . It is found that secular change of magnetic field caused significant trends of f o F 2 and h m F 2 in the equatorial to midlatitude Atlantic Ocean and in the South American but its effect is negligible in the rest of globe. Cnossen and Richmond [2008] found that most of the modeled changes in h m F 2 and f o F 2 were due to plasma transport driven by neutral winds, which are mainly caused by changes in the inclination of the magnetic field, with a secondary role due to changes in declination.
[43] Similar to CO 2 , changes in other radiatively active trace gases can also cause trends in the upper atmosphere. Stratospheric O 3 depletion has been observed since 1979 with a turnaround of the trend at northern middle latitudes near 1995, which appears to be caused primarily by atmospheric dynamics [Harris et al., 2008] . On the other hand, stratospheric water vapor has increased for the last several decades [Oltmans et al., 2000; Scherer et al., 2008; Stiller et al., 2008] . Akmaev et al. [2006] simulated trends of temperature and neutral density in the MLT region due to estimated trends of CO 2 , O 3 , and H 2 O, from 1980 to 2000. They found that O 3 depletion caused cooling in the mesosphere due to reduced solar heating, and the O 3 forcing is comparable to the CO 2 forcing. H 2 O enhancement also caused cooling in the mesosphere due to increased infrared emission, but the effect of the H 2 O forcing is minor compared to the O 3 and CO 2 forcing. In addition, O 3 depletion and H 2 O enhancement caused some warming in the lower thermosphere near 120 km, due to contraction of the MLT region and the large positive temperature gradient in the lower thermosphere. Furthermore, O 3 depletion and H 2 O increase caused maximum reduction of neutral density near 110 km. Figure 9 shows TIME-GCM simulated changes of temperature and neutral density due to estimated changes of trace gases other than CO 2 , as shown in Table 1 . Forcing from these trace gases caused additional cooling in the mesosphere, slight cooling in the upper thermosphere, but some warming in the altitude region around 100-120 km (appearing only in height coordinates, not in pressure coordinates); it caused neutral density decrease in the mesosphere and thermosphere with maximum density reduction around 110 km. These results are consistent with the results by Akmaev et al. [2006] . Although modeling studies have demonstrated that trends of these trace gases can cause trends in the upper atmosphere, observational studies are still very limited. In the ionosphere, clear anticorrelation between f o E trend deviations and total ozone trend deviations has been observed [Bremer and Peters, 2008] ; whereas no relation has been detected between trends in the F 1 region and the O 3 trend [Bremer, 2008] . The effect of long-term change of these trace gases can also be detected through other parameters. Calculations of the atomic hydrogen budget, which is a product of CH 4 dissociation, predict a large increase in exospheric H. Long-term geocoronal hydrogen observations [Nossal et al., 2008] are now available to investigate long-term changes in exospheric hydrogen. Figure 9 . Changes of zonal mean neutral temperature and neutral density due to trace gases other than CO 2 , such as O 3 depletion (halved), H 2 O increase (doubled), and CH 4 increase (doubled) (see Table 1 ), under solar minimum and geomagnetic quiet conditions, at 0000 UT, simulated by the NCAR TIME-GCM: D, the simulation case with doubling of CO 2 only; G, the simulation case with doubling of CO 2 plus changes of concentrations of all the other gases shown in Table 1 .
[44] The turnaround of stratospheric ozone trends resulted in the leveling off of trends in stratospheric temperatures [Schwarzkopf and Ramaswamy, 2008] . HALOE trends in mesospheric temperatures are weaker than older rocket and lidar-based trends, as the net ozone effect over the period of HALOE observations was close to zero [Remsberg, 2009] . In the mesopause region the turnaround of ozone trends resulted in a change from no trend to a mild negative trend, at least at low latitudes [e.g., Venkat Ratnam et al., 2010] .
[45] Information on trend of waves in the MLT region, as well as its role on trends in the upper atmosphere and ionosphere, remains to be speculative. There are some indications of possible trends in gravity wave activity [e.g., Jacobi et al., 2006] , tides [e.g., Portnyagin et al., 2006] , and planetary waves [e.g., Jacobi et al., 2008] . Long-term changes in the waves can be caused by their sources in the troposphere and stratosphere, as well as their propagation environment which is the large-scale circulation in the stratosphere and mesosphere. The possible trends in wave activity can then be a driver to long-term change in the upper atmosphere. Trends in some middle and upper atmosphere parameters have shown a turnaround in the 1990s. For example, this turnaround has been shown in trends of NH midlatitude total ozone [Harris et al., 2008] , temperature at 83 km, and NLC centroid height [Lübken et al., 2009] . Changes in trend of gravity wave activity could have contributed to this turnaround.
[46] Greenhouse gas concentration is steadily and more or less homogeneously increasing. However, other drivers change with time and sometimes also with location. Geomagnetic activity was increasing throughout the 20th century but leveled off, and solar activity was increasing till 1957-58; Secular changes of the Earth's magnetic field are very regional phenomenon and introduces regional trends; Stratospheric O 3 has decreased since 1979 but with a turnaround of the trend near 1995, its changes are large at high latitudes but almost negligible at low latitudes, and to some extent also longitude dependent; stratospheric water vapor has increased for the last several decades but had a drop in 2001; Possible trends in atmospheric wave activity are probably also unstable. Therefore, we can hardly expect stable, monotonic trends, and constant roles of the various drivers.
Conclusions and Future Direction of Investigations
[47] The steady increase of greenhouse gas concentrations, mainly CO 2 , has caused global warming in the troposphere, but global cooling in the upper atmosphere and ionosphere. In the mesosphere, the cooling trend is in the order of −2 to −3 K/decade from 50 km to 80 km, but significant cooling has not been clearly identified in the mesopause region from 80 km to 100 km. However, the recent turnaround of ozone trends seems to influence to some extent temperature trends in the stratosphere [Schwarzkopf and Ramaswamy, 2008] as well as the mesosphere [e.g., Remsberg, 2009; Venkat Ratnam et al., 2010] . In the upper thermosphere, the decreasing trend of neutral density inferred from satellite drag analysis is in the range −1.7 to −3.0%/decade at 400 km, for the past several decades. The cooling and contraction of the upper atmosphere lowers the altitude of ionospheric layers, with a global average trend in the order of −0.29 ± 0.20 km/decade at E region peak. In addition, a long-term global increase of electron density has been detected in these regions, in the order of +0.013 ± 0.005 MHz/decade for f o E and 0.019 ± 0.011 MHz/yr for f o F 1 . The dominant driver of these trends has been attributed to the increasing greenhouse gas forcing. Various model simulations of longterm trends of the upper atmosphere and ionosphere agree at least qualitatively with these detected trends. Other forcing mechanisms such as changes in other radiatively active trace gases (e.g., O 3 and H 2 O), long-term change in geomagnetic activity, and long-term change in the Earth's magnetic field, also contribute to the observed trends. The combined effects and changing roles of the drivers can cause complicated patterns of trends; this is particularly true in the F 2 region.
[48] Trends in the F 2 region ionosphere, MLT dynamics and waves, and water vapor related phenomena, are three areas that have been among the most controversial. Progress has been made in the past few years in these areas. For the F 2 region ionosphere, model simulations demonstrated that under greenhouse gas forcing, the trend of electron density changes from being positive in the E and F 1 regions to negative in the upper F 2 region, with the transitional altitude slightly below the F 2 peak. Consequently, the trend of N m F 2 is expected to be small and negative on a global average basis, even as h m F 2 declines due to cooling and contraction. Trends of both h m F 2 and N m F 2 show strong latitudinal, longitudinal, diurnal, and solar cycle variability due to changes in neutral dynamics and electrodynamics, which in turn can cause positive trends of h m F 2 and N m F 2 at night in some regions. Model simulations also show that secular change of the Earth's magnetic field can cause significant regional trends of h m F 2 and N m F 2 , especially in the Atlantic sector. The sign of the trends can be positive or negative, depending on region, and these trends also show diurnal and seasonal variations. Furthermore, gradual changes in geomagnetic activity can contribute to ionospheric trends. The combined effects of these drivers and the changing role of geomagnetic activity, as well as difficulty in removing solar cycle influences in trend analysis, have likely contributed to controversies and discrepancies with F 2 region analyses. In addition, a negative trend in ion temperature has been found in ISR data. However, the estimated decrease is much larger than neutral atmosphere changes inferred from satellite drag data, and model simulations have not been able to explain such a large change in ion temperature.
[49] Although it is now generally acknowledged that PMC and NLC are the same phenomenon observed from different locations, discrepancies between observed trends in mesospheric cloud detection have persisted. There has been an increase in PMC (observed from space) occurrence frequency and brightness in the past several decades, but no detectable trend in NLC (observed from the ground) was seen. More recent studies found that PMC trends are only significant in the latitude band from 74°N to 82°N, but at NLC observational latitudes (∼54°N to ∼64°N), both PMC and NLC trends are statistically insignificant. These findings may explain and reconcile the discrepancies between PMC and NLC trends.
[50] Limited observational studies indicate possible trends in wave activity. However, knowledge of trends of MLT dynamics is still very limited. Changes in waves and tides, both as consequences of global change in the lower and middle atmosphere, and as a possible driver of trends in the upper atmosphere and ionosphere, is one of the critical open questions regarding trends in the upper atmosphere and ionosphere.
[51] Continued progress in understanding and predicting upper atmosphere global change will entail contributions from ongoing measurements of these changes, monitoring of the anthropogenic and natural drivers, and model development and improvement incorporating the evolving inputs. Analysis of long-term data sets, sometimes derived from changing technology, can be challenging, but it is imperative to continue both the acquisition and interpretation processes. In addition to continuing work on trends from satellite drag and ground-based ionosphere measurements, measurement of middle atmosphere dynamics, temperature, and water vapor, clouds and airglow in the mesopause region, and exospheric hydrogen emissions will be important components. Measurements of critical energy inputs and outputs to the upper atmospheric system, particularly solar ultraviolet irradiance and infrared cooling rates, are also essential. These provide the basic information needed for theoretical and modeling studies to fully quantify the causes and consequences of changes to the upper atmosphere and space environments. Particular challenges for model development include combined simulations of anthropogenic and geomagnetic change, improvement of the treatment of electron and ion temperature calculations, evaluation of collisional excitation rates and other chemical control of cooling rates, and incorporation of accurate solar inputs. The integration of upper atmosphere models with lower atmosphere and Earth system models for comprehensive simulation of the entire terrestrial climate system will be an essential step toward addressing questions on how atmospheric dynamics will respond to global change. Future advances on these problems will depend on maintaining comprehensive international programs supporting atmospheric measurement, trend analysis, and model comparison.
[52] Acknowledgments. This work was supported by NASA grants NNX08AQ31G and NNX10AF21G to the National Center for Atmospheric Research and by GACR grant P209/10/1792 to the Institute of Atmospheric Physics of Czech Republic. NCAR is sponsored by the National Science Foundation.
[53] Robert Lysak thanks Gufran Beig and Frank Marcos for their assistance in evaluating this paper.
